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mal lumen encroachment. This failure to enlarge 
may be the result of a dysfunctional or absent 
endothelium; pcriadventitial fibrosis limiting arterial 
expansion; or arterial shrinkage brought about by 
increased vasomotor tone, apoptosis, or fibrotic 
contracture. 9 
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Proteins can bind to biological surfaces by non- 
specific mechanisms, typically by involving polar 
groups. Yet, these interactions are usually fleeting, 
such as in the case of binding of albumin to the 
native vascular surface. Artificial surfaces always 
interact by nonspecific mechanisms when in contact 
with proteins. In the vascular compartment, interac- 
tions with plasma proteins are largely influenced by 
the concentration, size, and conformation of the 
individual proteins as well as their net surface charge 
and hydrophilic and hydrophobic areas. 1 
There are probably around 200 protein species 
in blood, some of which have highly specific func- 
tions. Individual protein concentration varies great- 
ly. For example, albumin is six times more abundant 
in plasma than IgG and 600 times more than IgM. 
The size also differs markedly, ranging from small 
peptide hormones with a molecular weight of a few 
thousand altons to a very low density fipoprotein 
(VLDL) of several million. The net electrical charge, 
which partially determines electrophorctic mobility, 
also varies markedly from an isoelectric point of 4.9 
in serum albumin to 11.0 in lysozyme. The shape, 
charge distribution, and the arrangement of polar 
and nonpolar areas on the molecular surface influ- 
ence spatial distribution and interaction with other 
proteins of the same and different species. 
Much of the physiological functions of serum 
proteins and their interactions with foreign surfaces 
depend on the water organization around their 
structure. Water molecules weakly bind by polar 
hydrogen forces to charged groups and are ordered 
on proteins and surfaces in hydration layers with a 
decreasing attraction gradient away from these 
groups) Since organized water provides the basis of 
interaction with other forces governing molecular 
interactions such as hydrogen, ionic, and van der 
Waals, it influences protein conformation, mobility, 
and miscibility. 3 The organization of water dipoles 
also plays an important role in determining protein 
interaction with foreign surfaces. Protein hydration 
layers may transfer electrostatic attractive forces to 
couple with surface hydration layers. This may be 
the basis for weak and transient attachment of pro- 
teins to surfaces, particularly if both protein and sur- 
faces have polar areas available for interaction. 
If the polar attraction between proteins and sur- 
face is strong enough, water will be displaced from 
the intervening space. However, as a charged pro- 
tein approaches a polar surface, it encounters an 
increasingly repulsive force associated with increased 
entropy of trapped counterions and the resulting 
augmented osmotic pressure. Complete dehydration 
of such space to allow direct protein/surface ontact 
would therefore involve an expenditure of energy 
equivalent to the entropic energy of the ion lattice. 
Theoretically, closer interaction with the surface may 
also bring hydrophobic portions from the surface 
close enough to hydrophobic areas of the protein 
molecule to contact. Protein hydrophobic areas are 
typically located in the inner portions of the mole- 
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cule, and their exposure isassociated with disorgani- 
zation of the protein structure. As a result of the 
hydrophobic interaction of protein and surface, the 
prosthetic hydrophobic surface is partially replaced 
by a protein hydrophobic area, conceivably smaller 
than the one occupied. In other words, "passiva- 
tion" of the prosthetic surface may occur, with par- 
tial substitution of the prosthetic hydrophobic areas 
by denatured protein composed of polar and 
hydrophobic groups. Unlike polar interaction, 
hydrophobic nteraction of a protein on a hydropho- 
bic surface is likely to be longer and perhaps perma- 
nent. On a purely hydrophobic surface, such as 
PTFE, water is actually forced to a high degree of 
organization by the lack of ionic interaction at the 
interface. This causes the water dipoles to organize 
into a rigid lattice with thermal mobility constraints 
stronger at the interface. The amount of energy 
needed to break this lattice may be interpreted as 
hydrophobic force. Such force is repulsive to 
hydrophilic molecules uch as hydrated proteins and 
may explain the paucity of protein attachment to this 
polymer surface when in contact with blood. 
However, this boundary water may not protect 
hydrophobic surfaces indefinitely fro m protein inter- 
action in the vascular environment. Eventually 
hydrophobic molecules may interact with the surface, 
such as lipids or lipoproteins, stating the process of 
substitution ofhydrophobic by more polar molecules. 
Total surface nergy of 316L stainless teel, elec- 
tropolished (ep) nitinol, electropolished and heat- 
treated (epht) nitinol, gold, tantalum, and titanium 
range from 32.8 dyne/cm for ep nitinol to 64.6 
dyne/cm for 316L stainless teel with an average of 
43.9 +- 4.8 dyne/cm. When the polar and dispersive 
(nonpolar) components for each metal are com- 
pared, the nonpolar component is always the largest 
with an average polar/nonpolar ratio of 0.21 + 0.07 
(range 0.45-0.04). 
Protein binding was found to be of relatively uni- 
form magnitude on all metallic surfaces tudied. Of 
the three separate, isolated proteins in physiological 
concentrations, albumin adsorption was lower than 
fibronectin on all metals and also lower than 
fibrinogen except for gold and titanium. The frac- 
tion of protein removed after elution was higher for 
albumin than it was for fibrinogen and fibronectin 
for all metallic surfaces except for gold and titanium. 
The four polymeric surfaces studied (PTFE, 
PET, PU, PDMS) have a wider range (6.2-41.1 
dyne/era) of total surface nergy and are, in gener- 
al, less energetic (21.4 ___ 7.3 dyne/era) than the 
metal surfaces considered above. The ratio of polar 
versus nonpolar components of their total surface 
energy is quite varied among polymers, ranging 
from PTFE having no polar component to PU hav- 
ing the largest ratio (1.8). Protein adsorption is cor- 
respondingly varied on these surfaces with PTFE 
having the lowest and PET the highest adsorption of 
all three proteins considered. A correlation was found 
between the magnitude of protein adsorption and 
total surface nergy of polymers for all three proteins 
evaluated. On polymers, the removable fraction of 
albumin was found higher than fibrinogen and 
fibronectin in all four polymeric surfaces considered. 
In general, proteins eluted more readily from 
polymeric than from metallic surfaces. When the 
retention fraction of each protein was averaged 
among all metals and polymers studied, lower frac- 
tions were retained on polymers. Differences were 
statistically significant for fibronectin and nonsignif- 
icant for albumin and fibrinogen. 
A dynamic study of fibrinogen adsorption on 
stainless teel demonstrated a time-related variabili- 
ty, with a quick rise in the first few minutes and a 
slow rise to a peak approximately at 90 minutes. 
However, the fraction of retained fibrinogen after 
clution on stainless teel showed little variability over 
the time period evaluated. A relatively constant une- 
luted fraction of 82.5% + 1.9% was maintained. 
Despite its nonspecific nature, attachment ofplas- 
ma proteins to prosthetic surfaces is not a simple 
adsorption process, determined by the relative con- 
centration of each individual protein. Vroman et al4 
described a time-dependent variability in protein 
deposition to artificial surfaces, with early deposition 
of fibrinogen and late replacement by high molecular 
weight kininogen and factor XII. 4 There are a few 
explanations for this observed effect. One relates to 
the variability of the protein surface dissociation c - 
stant and residency time. Another one is based on 
surface dominance ffect by increased spreading capa- 
bility. 1 These properties may be related to protein 
size, shape, and conformability o surface topography 
and hydrophilic or hydrophobic nature. For example, 
fibrinogen's high interfacial activity may be explained 
on its low carbohydrate content, asymmetrical charge 
distribution, and relative hydrophobicity. 1 
Because of the large number of plasma proteins 
and great variability in their conformation and func- 
tion, it is difficult to assess their attachment mecha- 
nisms unless whole plasma is used. However, com- 
plex interrelationships among proteins make this a 
difficult analytical task. Single protein solutions, 
such as those used in this study, provide limited but 
more defined information. For example, the 
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increased affinity of  fibrinogen and fibronectin for 
artificial surfaces, compared with albumin is evident, 
despite markedly lower physiological concentrations 
of the former two. The dynamic deposition study of 
fibrinogen on stainless teel supports the contention 
that the rate of  deposition is limited to the availabil- 
ity of  binding sites until saturation takes place. This 
t ime-dependent relationship corresponds to the 
exponential Langmuir  adsorption model. 5 The 
higher retained protein fraction on metals as com- 
pared with polymers may be related to the higher 
total energy level of  the former. However total sur- 
face energy was not predictive of  protein uptake 
when polymers were compared with metals. Similar 
amounts of  protein were adsorbed on PTFE, PU, 
and PDMS compared with metals, while PET 
adsorbed many times more protein than metals. 
However,  no direct comparison can be made 
between metals and polymers because the latter were 
used in textured form, while the former were evalu- 
ated as flat solid surfaces. The textured polymeric 
total surface area was therefore likely to be much 
larger than the metal surface area evaluated. 
The correlation of  surface energy measurements 
and the amount of protein bound on artificial sur- 
faces indicates a relationship with the magnitude of  
hydrophobic forces, which are ubiquitous in most 
prosthetic materials. A relationship between the 
amount of  protein binding and hydrophobicity 
defined by the contact angle of  water was observed 
by Prime and Whitesides, 6 but no such relationship 
was experienced by Rapoza and Horbett .  7 The 
retained fraction of the individual proteins to the 
surfaces we evaluated seems to be related to both the 
protein itself and the surface characteristics. A larger 
fraction of  albumin seems to elute from most artifi- 
cial surfaces, but the higher surface energy values for 
metals eem to cause a greater protein retention frac- 
tion. This supports the concept that hydrophobic 
interactions cause a more permanent attachment of 
proteins at surfaces. The low protein attachment to 
nonpolar PTFE contradicts this notion, suggesting 
that a polar component is also necessary for attach- 
ment. An attractive hypothesis postulates polar 
forces bringing proteins close enough to the surface 
to allow hydrophobic interactions by short-range 
forces. In contrast, plasma oxidation fhydrophobic 
polymers uch as polystyrene seems to increase polar 
attachment of  fibronectin to its surface compared 
with the nonoxidized counterpart. 8 The lack of pro- 
tein attachment to predominantly hydrophilic sur- 
faces such as polyhydroxyethylmethylmethacrylate 
(polyHEMA) and polyacrylamide 9 indicates that the 
opposite extreme, a totally polar surface, is inade- 
quate for protein attachment. These observations 
support the concept hat mixed surfaces are neces- 
sary for the attachment mechanism to occur. 
Our evaluation of the effect of time on protein 
elutability was limited to fibrinogen on stainless teel. 
This single observation did not support he concept of 
increased protein attachment with time. Rather, a rel- 
atively fixed fraction of fibrinogen was removed at all 
time periods between 2 and 120 minutes. The uncer- 
tainty regarding mechanisms of interaction of proteins 
and artificial surfaces is made more perplexing if sur- 
face heterogeneity is taken into consideration. 
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GRAFTS 
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A series of  complex molecular and cellular 
processes contribute to healing of  endovascular 
stent-grafts. These healing processes reflect the pro- 
grammed response to foreign-body implantation in 
the vascular system and result in four tissue types: 
thrombus, neointima, endothefium, and inflammato- 
ry cell infiltrates. Both the extent and location of  each 
of the four tissue types are influenced by a number of 
factors that include mechanical factors related to 
placement of  the stent-graft, location of  the metal 
stent struts, the type of  polymeric graft, and the 
